Idiopathic pulmonary fibrosis (IPF) is a disease of chronic progressive interstitial pneumonia limited to the lungs. There is growing interest in this disorder as its incidence has increased over time in most countries around the world. This is likely related to an aging population, increased awareness of the disease, and increasingly sensitive imaging technology. Considerable energy has been devoted to creating an improved understanding of its pathogenesis and developing novel therapies. Although dozens of drugs have been studied for the treatment of IPF, only two, pirfenidone and nintedanib, are currently recommended by international guidelines to slow the disease progression. We review the drugs that have been evaluated as IPF therapy over the past three decades, including the currently recommended pirfenidone and nintedanib, note ongoing clinical trials and provide insights into future directions. (BRN Rev. 2017;3:86-101)
INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a disease of chronic progressive interstitial pneumonia limited to the lungs 1 . There is growing interest in IPF as its incidence has increased over time in most countries around the world. This is likely related to our aging population, increased awareness of the disease among physicians, and increasingly sensitive imaging technology. A recent epidemiology study estimates an incidence range of 2.8-9.3 per 100,000 persons per year when limited to data after the year 2000 using narrow criteria for diagnosis in Europe and North America 2 . Considerable energy has been apportioned to understanding the pathogenesis of IPF and developing novel therapies in the past few decades. Dozens of drugs have been studied for the treatment of IPF but only two, pirfenidone and nintedanib, are currently recommended by international guidelines 3 to slow the progression of disease. Here, we review the drugs that have been evaluated as treatments for IPF over the past three decades, including the currently recommended pirfenidone and nintedanib, as well as ongoing clinical trials and future directions.
PREVIOUS ERA Prednisone and immunosuppressive agents
Prior to 2012, the conventional treatment of IPF involved glucocorticoids in combination with either azathioprine or cyclophosphamide as recommended by the American Thoracic Society (ATS) and European Respiratory Society (ERS) 4 based on a small case series and small prospective trials [5] [6] [7] . It is important to note that these studies were performed prior to the recognition of nonspecific interstitial pneumonia (NSIP) as a distinct, treatment-responsive entity and likely included patients with this histopathologic pattern, who are excluded from more recent IPF trials.
The landmark PANTHER-IPF (Prednisone, Azathioprine, and N-Acetylcysteine: A Study That Evaluates Response in Idiopathic Pulmonary Fibrosis) trial evaluated prednisone/ azathioprine/N-acetylcysteine (NAC) compared to NAC alone and placebo. The triple therapy arm of the study was prematurely stopped after interim analysis demonstrated that the triple drug regimen was associated with increased mortality, hospitalizations, and serious adverse events without improvement in lung function in the survivors when compared with placebo 8 .
N-acetylcysteine
The NAC monotherapy versus placebo arm of the PANTHER trial proceeded to completion and demonstrated no difference in change in forced vital capacity (FVC) at 60 weeks 9 . A subsequent randomized trial of NAC versus placebo on a background of pirfenidone suggested a possible deleterious effect of the combination on lung function decline and the occurrence of photosensitivity 10 . Interestingly, a post hoc analysis of PANTHER participants suggested that patients with a TT genotype in the toll-interacting protein (TOLLIP) single nucleotide polymorphism (SNP) had a significant reduction in the composite endpoint (death, lung transplantation, hospitalization, or ≥ 10% decline in forced vital
Immunomodulators
A preliminary study of interferon β-1α failed to show any significant benefit on pulmonary function, oxygenation, or disease progression in IPF 12 . However, it demonstrated that large, multi-centre, placebo-controlled trials in IPF were feasible.
Investigators went on to conduct a small study of subcutaneous interferon gamma therapy in IPF patients that resulted in lung function benefits 13 . A large, multinational, randomized controlled study unfortunately did not show any benefit 14 . A potential trend towards improved survival in patients who were treated with interferon gamma-1b prompted a larger, randomized placebo-controlled trial (INSPIRE) to evaluate whether the drug could improve survival in IPF patients with mild to moderate physiological impairment. The study was terminated early due to futility after the second interim analysis 15 .
IPF patients have elevated tumor necrosis factor alpha (TNF-α) messenger ribonucleic acid (mRNA) levels in their alveolar epithelial cells and macrophages 16 . In a murine model of pulmonary fibrosis, a TNF-α antagonist attenuated lung collagen deposition after injury with bleomycin or silica 17 . A subsequent randomized, placebo-controlled trial of etanercept, a fusion protein which binds to TNF-α, was well tolerated but demonstrated no significant effect on pulmonary physiology at 48 weeks 18 . A similar trial involving imatinib, an intracellular tyrosine kinase inhibitor that inhibits downstream signalling from platelet derived growth factor (PDGF) and transforming growth factor-beta (TGF-β) receptors, yielded disappointing results with no effect on disease progression or survival at 96 weeks and an increased risk of adverse events 19 .
Endothelin receptor antagonists
IPF patients also have increased endothelin-1 expression in airway epithelial cells and type II pneumocytes 20 . Bosentan, an endothelin receptor antagonist, was studied in the Bosentan Use in Interstitial Lung Disease (BUILD)-1 and BUILD-3 trials which found no difference in mortality, disease progression, FVC, or health-related quality of life [21] [22] [23] . Macitentan similarly did not appear to significantly improve these outcomes in IPF patients in the MUSIC trial 24 . Despite experimental lung fibrosis animal models suggesting a potential benefit of endothelin type A receptor antagonists, ARTEMIS-IPF demonstrated a higher likelihood of harm from ambrisentan therapy 25 .
Anticoagulation
A small and methodologically flawed study of warfarin plus prednisolone versus prednisolone alone suggested a reduction in mortality associated with IPF acute exacerbation 26 . Warfarin was compared to placebo in a rigorous study by Idiopathic Pulmonary Fibrosis Clinical Research Network (IPFnet) investigators. Importantly, this trial was terminated early after interim analysis showed a significant increase in all-cause mortality not associated with bleeding complication and increase in combined all-cause hospitalization and allcause mortality. There was no difference in FVC change, six minute walk distance (6MWD), or diffusing capacity of the lung for carbon monoxide (DL CO ) for the survivors 27 .
Phosphodiesterase-5 inhibitor
The Sildenafil Trial of Exercise Performance in Idiopathic Pulmonary Fibrosis (STEP-IPF) in patients with advanced disease (DL CO <35% predicted) demonstrated no difference in the proportion of patients with at least a 20% improvement in 6MWD after taking sildenafil 20 mg three times a day for 12 weeks compared to placebo 28 . However, there were numerous secondary endpoints with a positive treatment effect relating to gas exchange and quality of life. In a post hoc subgroup analysis of 119 participants with echocardiogram results, those with right ventricular systolic dysfunction (RVSD) who were treated with sildenafil experienced significantly less decline in 6MWD as well as small benefits in quality of life questionnaire scores 29 . Two studies are under way to assess the impact of sildenafil in addition to anti-fibrotic therapy in IPF patients with advanced disease (ClinicalTrials.gov Identifier: NCT02802345 for nintedanib and NCT02951429 for pirfenidone).
SUMMARY OF THE PREVIOUS ERA
Based on the evidence summarized thus far, the most recent ATS/ERS/Japanese Respiratory Society (JRS)/Latin American Thoracic Association (ALAT) clinical practice guideline on IPF treatment strongly recommends against the use of anticoagulation, combination prednisone/azathioprine/NAC, ambrisentan, and imatinib. Conditional recommendations against the use of dual endothelin receptor antagonists (macitentan and bosentan), sildenafil, and NAC were also issued (Table 1) 3 .
CURRENT ERA: CLINICAL PRACTICE GUIDELINES
A welcome breakthrough after the long succession of failures in therapeutic drug trials in IPF came with more recent clinical trials of pirfenidone and nintedanib.
Pirfenidone
Pirfenidone has pleiotropic anti-inflammatory and anti-fibrotic effects, but its exact mechanism is unknown. In animal models, it reduced pro-inflammatory cytokines such as TNF-α, TGF-β, fibroblast proliferation and myofibroblast differentiation 30, 31 . In a phase 2, open label study for terminally ill patients with advanced IPF, pirfenidone appeared to stabilize lung function and reduce conventional therapy (steroids and immunosuppressive medication) usage 32 . The first randomized controlled trial of pirfenidone suggested a reduction in acute exacerbations of IPF as a secondary endpoint 33 . A subsequent study demonstrated that high dose (1,800 mg/day) pirfenidone decreased the rate of decline in vital capacity (primary endpoint) and increased progression-free survival over 52 weeks 34 . This study was criticized for a highly selective enrolment and a mid-study change in the primary endpoint after blinded interim analysis. Nevertheless, these studies sparked renewed interest in pirfenidone.
The CAPACITY (Clinical Studies Assessing Pirfenidone in Idiopathic Pulmonary Fibrosis:
Research of Efficacy and Safety Outcomes) program included two concurrent large, randomized, placebo-controlled multinational trials of pirfenidone for IPF. There was a significant benefit in the change in percentage of the predicted FVC in patients with mild to moderate IPF receiving high dose (2,403 mg/ day) pirfenidone compared to placebo in one study (-8.0 versus -12.4%; p = 0.001) but not the second (-9.0 versus -9.6%; p = 0.501). The pre-specified pooled analysis suggested attenuation in physiological progression with pirfenidone therapy. Patients in the pirfenidone group reported a higher incidence of nausea, dyspepsia, photosensitivity and dizziness 35 .
Based on the results of these trials, multiple countries approved pirfenidone for the treatment of mild to moderate IPF. After reviewing cost-effectiveness comparisons, the National Institute for Health and Care Excellence (NICE) supported pirfenidone as a therapeutic option in IPF patients with an FVC between 50% and 80% predicted 36 .
Because of the inconsistency between the two studies in the CAPACITY program, United States regulatory authorities requested an additional trial to support the approval of pirfenidone. Assessment of pirfenidone to Confirm Efficacy and Safety in Idiopathic Pulmonary Fibrosis (ASCEND) modified the design of CAPACITY to include strict centralized procedures for diagnosis, spirometry, and adjudication of deaths. The primary endpoint of change in percentage predicted FVC was met at 52 weeks with a 45.1% relative reduction in FVC decline in the pirfenidone group compared to placebo (p < 0.001). Secondary endpoints showed a relative risk reduction in the composite endpoint of death or disease progression by 43% in the pirfenidone group (p < 0.001), but no significant difference in all-cause mortality or dyspnoea score 37 . The totality of the data and internal consistency between physiological surrogates and other markers of disease progression compelled the Food and Drug Administration to approve pirfenidone for use in IPF patients 38 .
A pre-specified pooled analysis of the CAPAC-ITY and ASCEND trials with high dose pirfenidone confirmed a treatment benefit with pirfenidone in the composite endpoints of FVC decline or death, progression free survival, and 6MWD decrement or death. There was a statistically significant reduction in all-cause mortality (hazard ratio [HR]: 0.52, 95%; confidence interval [CI]: 0.31-0.87) 39 . Additional analyses of these data plus prior Japanese randomized controlled trials further support a possible benefit on the risk of mortality over 120 weeks of therapy 40 .
Given the duration of availability of pirfenidone and extensive patient exposure, additional relevant data have become available. Extension studies of the original pivotal trials and prospective registry data have suggested tolerability similar to that of the randomized trials with predominantly gastrointestinal and skin adverse events. Dose adjustment has been associated with better tolerance 41, 42 .
Long term follow-up data have confirmed these findings 43 .
Analyses from the CAPACITY and ASCEND trials suggest substantial intra-subject heterogeneity in longitudinal FVC data 44 . A retrospective analysis of patients from Giessen and Turin provides additional insights, albeit limited by lack of randomization. In a broader population than included in traditional clinical trials, heterogeneity in treatment response was evident with the largest group demonstrating stability after a previous period of instability (Fig. 1 47 . Importantly, the beneficial effects of nintedanib were seen across a broad range of patient subgroups 48 , including subgroups of adjudicated IPF defined by honeycombing on HRCT and/or UIP on lung biopsy versus no honeycombing and no lung biopsy 49 (Fig. 2) . This finding implies that the natural history of disease progression and response to therapy may be similar in patients with or without definite UIP pattern on HRCT or lung biopsy.
Results from the individual nintedanib studies and pooled analyses confirm that gastrointestinal side effects are the most frequent adverse events noted 50 . Diarrhoea was the most frequently noted event although only 4.4% of nintedanib-treated patients discontinued the trial medication as a result of this event. The gastrointestinal adverse events can generally be managed with anti-motility agents and sometimes require dose adjustments. Like with pirfenidone, monitoring of liver enzymes before and periodically during treatment is recommended. Arterial thromboembolic events occurred in 2.5% of nintedanib and 0.8% of placebo patients. Myocardial infarction was the most common of these events, reported in 1.6% of nintedanib and 0.5% of placebo patients 50 . Caution is advised in patients with known coronary artery disease and treatment interruption is recommended for myocardial ischemia.
SUMMARY OF THE CURRENT ERA
Based on the evidence presented above, the most recent ATS/ERS/JRS/ALAT clinical practice Figure 1 . Stability of yearly FVC change before and after pirfenidone treatment. Each X represents an individual data pair for the FVC change with resulting subgroups of I (stable before-stable after); II (unstable before-stable after); III (unstable before-unstable after); IV (stable before-unstable after). The majority of patients achieved disease stability after treatment (79.3%) but a significant minority (20.6%) experienced disease progression (reproduced with permission from Loeh B et al. 45 ). FVC: forced vital capacity.
Annual decline of FCV with a cut-off value of 10%
Annual decline of FVC with a cut-off value of 5% 48 and Raghu G et al. 49 ). FVC: forced vital capacity; SGRQ: Saint Georges Respiratory Questionnaire; SLB: surgical lung biopsy. guideline on IPF treatment conditionally recommends for the use of pirfenidone and nintedanib 3 . As there are no head to head comparisons between the two agents it is not possible to recommend one over the other. Interestingly, two complex statistical network analyses have recently been published contrasting results from clinical trials of multiple agents 51, 52 . These analyses have reached similar conclusions that both agents likely result in similar clinical and physiological results (Fig. 3) . The availability of two effective agents with differing dosing regimens and tolerability profiles provides the patient and clinician with valuable therapeutic options that must be personalized 53 . The timing of initiation of therapy remains controversial 54 . It appears that their benefit is seen across a broad spectrum of patients with mild to moderate spirometric severity and, in the case of nintedanib, across various HRCT patterns [55] [56] [57] . As such, discussion with the patient regarding the potential benefit of early intervention seems appropriate. 
FUTURE ERA
Though the available agents do not provide a "cure", future trials must now be designed with this new standard of care in mind, calling into question the ethics of placebo-controlled studies 58 . This natural progression lends itself to combination therapy studies (the possible combination of pirfenidone and nintedanib or an investigational drug added to either pirfenidone or nintedanib) as well as non-inferiority and superiority studies in late phase clinical trials 59 . To add to this challenge, no well-designed studies have been able to consistently show that any drug significantly improves mortality or quality of life in IPF. Unfortunately, the low event rate of meaningful clinical endpoints like mortality would require trials to enroll 2,582 IPF patients and follow them for up to 5 years to detect a 25% reduction in mortality with 90% power. This would cost approximately $250 million, making the adoption of allcause mortality as a primary endpoint for IPF clinical trials impractical and cost-prohibitive 60 .
Combination therapy
Given the pleiotropic and complex nature of disease pathogenesis, it seems logical that combination therapy will become a clinical norm 59 . Perhaps, the most intuitive place to begin studying combination therapy is with the two drugs already shown to slow the progression of disease in IPF. Several ongoing studies are evaluating the safety and tolerability of pirfenidone in combination with nintedanib and plasma drug concentrations when the two are administered together (NCT02598193, NCT02579603, NCT02606877). So far, a small phase 2 clinical trial has shown no serious adverse events with the combination, but a decrease in the bioavailability of nintedanib when taken with pirfenidone may be a limiting factor 61 . As noted earlier, the randomised, double-blind, placebo-controlled, Phase 2 study that investigated the use of NAC in combination with pirfenidone in IPF (PANORAMA) trial examined the safety and tolerability of NAC or placebo in addition to pirfenidone for IPF treatment 10 .
Monoclonal antibodies
Several cell signalling pathways have been implicated in the pathogenesis of IPF and provide targets for new drug development. Connective tissue growth factor (CTGF), a protein that participates in cell adhesion and migration, angiogenesis and extracellular matrix deposition, has increased expression in the lung fibroblasts of IPF patients 62 and is required for TGF-β-mediated lung fibrosis. CTGF antibody FG-3019 has been found to be effective at attenuating lung collagen deposition in a murine bleomycin model of pulmonary fibrosis (NCT01890265) 63 and is now being tested in a phase 2 randomized double-blind placebo controlled trial to assess its safety and efficacy in treating IPF after an open label study demonstrated no concerns with safety or tolerability (NCT01262001) 64 .
Interleukin-13 (IL-13), a Th2 cytokine, plays a role in promoting fibroblast collagen production and myofibroblast differentiation 65 . Its concentration is also increased in IPF bronchoalveolar lavage fluid (BALF) 66 . Two IL-13 antibodies are currently undergoing phase 2 trials to investigate safety and tolerability in IPF treatment: lebrikizumab and SAR156597 with a third (tralokinumab) study recently terminated after interim analysis demonstrated lack of efficacy (NCT01872689, NCT01529853, and NCT01629667 respectively).
TGF-β has long been recognized as a key pro-fibrotic mediator in lung fibrosis along with its many other functions in cell proliferation, apoptosis and immune regulation 67 . The discovery of αVβ6 integrin and its activation of latent TGF-β after epithelial injury and inflammation 68 led to the development of a humanized monoclonal antibody BG00011 (formerly known as STX-100). A phase 2 trial is now recruiting IPF patients to study safety/ tolerability, pharmacokinetic parameters, and change in peripheral blood and BALF biomarkers (NCT01371305).
Antimicrobial therapy
Growing evidence points to the role of lung microbial dysbiosis as a contributor to chronic lung disease and exacerbations 69 . Correlating Outcomes with biochemical Markers to Estimate Time-progression in Idiopathic Pulmonary Fibrosis (COMET-IPF) investigators documented an association between IPF disease progression and relative abundance of Streptococcus and Staphylococcus in the BALF of IPF patients 70 . Subsequent work from this group linked this alteration in the lung microbial community to many biological pathways associated with disease progression in IPF using comprehensive association pathway analyses 71 . Peripheral blood mononuclear cell gene expression, lung fibroblast tolllike receptor 9 expression, and circulating leukocyte phenotypes reflected down regulation of immune response pathways that were associated with IPF progression-free survival and alteration in the lung microbial community (Fig. 4) . Another group confirmed these findings reporting that IPF patients had double the burden of bacteria (specifically Haemophilus, Streptococcus, Neisseria, and Veillonella) in their BALF compared to healthy control subjects 72 . In an integrated analysis they have also linked the lung microbial alteration to host defense response 73 . Importantly, a small study compared co-trimoxazole with placebo in addition to usual care demonstrating a significant reduction in all-cause mortality (HR: 0.21; 95% CI: 0.06-0.78; p = 0.02) in a per-protocol analysis 74 . Based in part on these findings, several studies of antimicrobial therapy are ongoing including the Clinical Efficacy of Antimicrobial Therapy Strategy Using Pragmatic Design in IPF (CleanUP IPF) (NCT02759120), the Efficacy and Mechanism Evaluation of Treating Idiopathic Pulmonary Fibrosis with the Addition of Co-trimoxazloe (EME-TIPAC) (EudraCT 2014-004058-32) and a pilot study of trimethoprim-sulfamethoxazole in IPF (EudraCT 2012-005409-38).
Stem cell therapy
Several pre-clinical studies using the murine bleomycin model of IPF have suggested that mesenchymal stem cell therapy may be useful in reducing pro-inflammatory cytokines, neutrophilic infiltration, and collagen deposition 75 .
A small phase I study of bone-marrow derived mesenchymal stem cell infusion in mild to moderate IPF patients showed no treatment related serious adverse events 76 , but there remain some concerns that stem cells 79 . Most precision medicine discussion to date has focused on molecular and genetic markers in identifying distinct endotypes 77 . There are numerous groups developing molecular markers that are linked to clinically relevant features and potential therapeutic targets 78 . A recent, albeit disappointing, approach was published in the targeting of lysyl oxidase-like 2 (LOXL2) with a monoclonal antibody, simtuzumab 80 . The overall results were negative as were those predefined by circulating LOXL2 concentrations (Fig. 5) . These results may reflect challenges with the underlying antibody, redundancy in pro-fibrotic pathways, or the difficulties in IPF clinical studies. Nevertheless, this sentinel study provides a roadmap for the design and conduct of clinical studies targeting promising biological pathways and including relevant, companion diagnostics. In fact, the ongoing antimicrobial therapy studies described earlier have included similar, robust biomarker approaches to advance the potential of personalized therapy to IPF patients.
Conclusion
Idiopathic pulmonary fibrosis is a complex and heterogeneous disease, creating formidable challenges for effective treatment. Over the last three decades, there has been a paradigm shift from immunosuppressive strategies to pleiotropic anti-fibrotic treatments with resulting efficacious therapies, a first in this challenging field. The future will likely move toward targeted therapy, combinatorial approaches and precision medicine based on biomarker and gene expression profiling (Fig. 6 ). Despite earlier disappointing results and trial design difficulties, recent successes have renewed excitement and optimism for the future of IPF therapy. (5) 051 (14) 034 (23) 15 (32) 10 (35) 4 (37) 2 (38) (6) 050 (16) 031 (26) 25 (26) 21 (28) 17 (31)0 13 (38)0 7 (38) (13) 162 (28) 111 (62) 83 (81) 63 (96) 51 (104) 40 (109) 32 (111) 11 (116) 1 (118) 0 (119) 0 (119) Placebo (< 75th percentile) 201 (0) 182 (7)0 152 (31) 108 (56) 72 (72) 56 (80) 
